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1. Introduction {#open201800227-sec-0001}
===============

Carbon‐based materials, including mesoporous/microporous carbon, carbon nanotubes (CNTs), fullerene (C~60~), carbon nanofibers, carbon aerogel, graphene, etc., are one class of the most appealing materials used in many modern‐day scientific applications.[1](#open201800227-bib-0001){ref-type="ref"} Depending on the essential chemical properties of carbon element, the hybridization states of carbon atom (sp, sp^2^ or sp^3^) and moreover the kind and number of heteronuclear atoms bonded with carbon, these carbon‐based materials exhibit versatile properties in terms of morphology, nanocarchitecture, electronic properties, chemical stablity and so on.[2](#open201800227-bib-0002){ref-type="ref"} For example, two‐dimensional (2D) sp^2^ bonded carbon sheet arranged in a hexagonal honeycomb lattice provides graphene unique electronic, thermal and mechanical properties.[3](#open201800227-bib-0003){ref-type="ref"} Heptazine or triazine heterocyclic structure linked via sp^2^‐bonded N atoms (N(C)~3~ units) or −NH− groups gives carbon nitride compounds like typical C~3~N~4~ the special electronic, chemical and optical functionalities.[4](#open201800227-bib-0004){ref-type="ref"} Consequently, the strategy by which attractive and effective properties can be obtained through modification or reconstruction of the carbon‐based materials motivates researchers with great interest to explore novel bonding structure of carbon‐carbon or other elements‐carbon in relation to their functionality.

As the neighboring atom of carbon on the periodic table, N atom can introduce structure defects into the carbon nanostructure owing to tiny different atomic size and bond length, as well as alter the charge distribution of carbon atoms due to the difference of evident electronegativity between the N and C atom. As a result, the incorporation of nitrogen into carbon nanostructure would efficiently enhance the field emission, electronic and photochemical properties and so on. In recent years, heteroatom‐doped (N, P, S, etc.) carbon materials have been attracting an increasing amount of attention in various fields such as energy conversion/storage devices,[5](#open201800227-bib-0005){ref-type="ref"} photovoltaic technology,[6](#open201800227-bib-0006){ref-type="ref"} adsorption/separation,[7](#open201800227-bib-0007){ref-type="ref"} catalysis,[8](#open201800227-bib-0008){ref-type="ref"} etc. In particular, nitrogen‐doped carbon materials as the promising functional material have been recognized as metal‐free catalyst for ORR,[8b](#open201800227-bib-0008b){ref-type="ref"},[9](#open201800227-bib-0009){ref-type="ref"} catalyst support for selective hydrogenation reactions,[10](#open201800227-bib-0010){ref-type="ref"} and production of fuels and value‐added chemicals from renewable biomass feedstock,[11](#open201800227-bib-0011){ref-type="ref"} photocatalyst for hydrogen production reaction.[12](#open201800227-bib-0012){ref-type="ref"} Currently, some techniques have been suggested to prepare nitrogen‐doped carbon materials, such as in‐situ doping method by using N‐containing and C‐containing organic compounds as the precursors via hydrothermal, polymerization or carbonization process.[13](#open201800227-bib-0013){ref-type="ref"} This method is simpler and much more favorable to the fabrication of uniform dispersion of nitrogen in the carbon skeleton, while the reproducibility and more vital yield of materials still is a large defiance till now.[14](#open201800227-bib-0014){ref-type="ref"} Compared with this in‐situ doping method, another alternative approach known as post synthesis doping is proposed to carbonize the prepared carbon materials at high temperature under nitride gas atmospheres. Although the mature and stability carbon materials can be selected as nitrogen‐doping supports, thermal nitride treatment is regarded as environment unfriendly due to the released noxious gases. Therefore, it is still highly desired to develop the moderate and efficient method for nitrogen doping and accurate control of nitrogen‐doped species.

Herein, we present a novel nitrogen doping strategy in which some specially designed surface oxygen containing groups (SOGs) are first introduced onto the surface of the porous carbon support via the oxidation treatments with different chemical reagents, followed by the formation of surface nitrogen‐doped species through condensation reaction between these SOGs and amidogen group of organic amines under hydrothermal conditions. The molecular structures of nitrogen‐containing groups strongly depend on those of the corresponding SOGs. The CN~x~ framework with the thickness of several molecules and tunable nitrogen species is fabricated, relying on the type and amount of surface oxygen‐containing groups. Different kinds of nitrogen species exhibit different electronic properties and can be applied for various material fields. Palladium supported on the CN~x~ film with the main type of pyrrolic‐type N presents obvious electron‐rich properties as electrons transfer from N atoms to Pd toms and adjacent C atoms, which exhibits superior selectivity of 99.90 % to the p‐chloroaniline (p‐CAN) for the chemoselective hydrogenation of p‐chloronitrobenzene (p‐CNB). This strategy not only provide low‐cost nitrogen‐doped carbon materials, but also develop a new method for the fabrication of different kinds of nitrogen species structure.

2. Results and Discussion {#open201800227-sec-0002}
=========================

To selectively introduce various SOGs, activated carbon (AC (pristine)) was functionalized by exposing to liquid‐phase oxidation reagents, including nitric acid, oxalic acid and hydrogen peroxide, as well as thermal treatments under nitrogen atmosphere for a purposive decrease or elimination of some kind of SOGs. The feature of various SOGs can be evaluated by He‐TPD, in which all of the SOGs are thermally decomposed releasing CO~2~ and/or CO at different temperatures.[15](#open201800227-bib-0015){ref-type="ref"} For the qualitative and quantitative analysis of SOGs, the deconvolution method of CO~2~ and CO TPD spectra proposed in the literature was employed.[15b](#open201800227-bib-0015b){ref-type="ref"},[16](#open201800227-bib-0016){ref-type="ref"} A multiple Gaussian function was used for the fitting of each spectrum. The types of SOGs were assessed by their specific decomposing temperature and the released CO~2~ and/or CO. The amount of SOGs was calculated by the area of the corresponding deconvoluted peak on the basis of the external standard calibration using calcium oxalate (CaC~2~O~4~⋅H~2~O) as a standard sample (Figure S1). With the increase of decomposing temperature, the CO~2~ curve was deconvoluted into three component peaks corresponding to carboxyl, carboxylic anhydride and lactone groups.[17](#open201800227-bib-0017){ref-type="ref"} Similarly, the CO profile was deconvoluted into four component peaks corresponding to carboxylic anhydride, phenol, ether and carbonyl/quinone groups, respectively.[17b](#open201800227-bib-0017b){ref-type="ref"},[18](#open201800227-bib-0018){ref-type="ref"}

Figure [1](#open201800227-fig-0001){ref-type="fig"}A and 1a show CO~2~ and CO TPD evolution profiles of the pretreated activated carbon (AC (pretreated)s). The type and amount of SOGs on each sample are summarized in Table [1](#open201800227-tbl-0001){ref-type="table"} and the corresponding decomposing temperatures are listed in Table S1, obtained by the deconvolution of CO~2~ and CO TPD profiles in Figure [1](#open201800227-fig-0001){ref-type="fig"}A and 1a. It can be seen that the AC (pristine) contains only few carboxyl and carboxylic anhydride groups. After the treatment with different concentration of nitric acid solution, all types of SOGs dramatically and nearly proportionally change as seen in the TPD curves of AC (25 %), AC (15 %) and AC (2.5 %) the as‐prepared samples were named as AC(x), where x represents the concentration of nitric acid aqueous solution. Especially for the AC (25 %), the total amount of SOGs increases from 0.54 μmol/g to 11.06 μmol/g (Table [1](#open201800227-tbl-0001){ref-type="table"}). These results prove that various SOGs, including CO~2~‐ and CO‐releasing groups, have been introduced onto the surface of activated carbon by the liquid‐phase oxidation treatment. Thermal treatment for the AC (25 %) at 400 °C, 600 °C and 800 °C, respectively, selectively removes certain SOGs (Figure [1](#open201800227-fig-0001){ref-type="fig"}A and 1a). As can be observed in Table [1](#open201800227-tbl-0001){ref-type="table"}, the total amount of SOGs gradually declines as the thermal treatment temperature increases until SOGs completely eliminate at 800 °C. In fact, the decrease of SOGs at 400 °C and 600 °C mainly results from the contribution of carboxyl, carboxylic anhydride and lactone groups, and in particular, thermal treatment at 600 °C removes most CO~2~‐releasing groups (Figure [1](#open201800227-fig-0001){ref-type="fig"}A and Table [1](#open201800227-tbl-0001){ref-type="table"}). The CO‐releasing groups like ether and phenol show not only no decrease, but also a slight increase, which is evidenced by an increase of CO amount (Figure [1](#open201800227-fig-0001){ref-type="fig"}a and Table [1](#open201800227-tbl-0001){ref-type="table"}). A possible justification could be related to the fact that CO~2~ decomposed from the SOGs with low decomposing temperature adsorbs again in the pores of activated carbon and subsequently is transformed into the SOGs with high decomposing temperature.[15b](#open201800227-bib-0015b){ref-type="ref"} Therefore, thermal treatment selectively removes certain CO~2~‐releasing groups, leaving CO‐releasing groups on the surface of carbon support. In addition, the hydrogen peroxide and oxalic acid were also used as liquid treatment regents because of weak oxidation property for the former and two characteristic carboxyl groups for the latter, respectively.[19](#open201800227-bib-0019){ref-type="ref"} The results exhibit that the carboxyl and lactone groups are selectively introduced onto the activated carbon which was dispersed in hydrogen peroxide aqueous solution sample (AC(H~2~O~2~)) with the total content of SOGs of 1.53 μmol/g, and carboxyl, lactone and carboxylic anhydride groups appear on the treated activated carbon with oxalic acid aqueous solution (AC(Oxalic)).

![TPD evolution profiles of AC (pretreated)s and NC (pretreated)s: CO~2~ curves (A, B); CO curves (a, b).](OPEN-8-87-g001){#open201800227-fig-0001}

###### 

Species and amounts of SOGs before (A) and after (N) hydrothermal nitridation treatment.

  Sample         Carboxyl (I) \[μmol/g\]   Carboxylic anhydride (II) \[μmol/g\]   Lactone (III) \[μmol/g\]   Ether (IV) \[μmol/g\]   Phenol (V) \[μmol/g\]   Carbonyl/quinone (IV) \[μmol/g\]   Total \[μmol/g\]                                              
  -------------- ------------------------- -------------------------------------- -------------------------- ----------------------- ----------------------- ---------------------------------- ------------------ ------ ------ ------ ------ ------ ------- ------
  AC(pristine)   0.24                      \\                                     \\                         \\                      0.30                    \\                                 \\                 \\     \\     \\     \\     \\     0.54    \\
  AC(25 %)       2.17                      0.21                                   1.89                       0.19                    2.09                    0.59                               1.58               0.38   2.81   0.58   0.52   0.20   11.06   2.15
  AC(15 %)       2.21                      0.18                                   1.92                       0.05                    1.55                    0.51                               1.44               0.16   2.22   0.40   0.37   0.16   9.71    1.46
  AC(2.5 %)      0.45                      \\                                     0.70                       0.20                    0.06                    0.06                               0.55               0.04   0.66   0.18   0.20   0.07   2.62    0.55
  AC(25 %)‐400   0.40                      \\                                     0.76                       0.53                    1.13                    0.20                               2.03               0.11   2.72   0.59   0.71   0.30   7.75    1.73
  AC(25 %)‐600   0.12                      \\                                     0.17                       \\                      0.37                    0.16                               1.99               0.03   2.91   0.62   0.32   0.03   5.88    0.84
  AC(25 %)‐800   \\                        \\                                     \\                         \\                      \\                      \\                                 \\                 \\     \\     \\     \\     \\     \\      \\
  AC(Oxalic)     0.24                      \\                                     0.26                       0.02                    0.49                    0.11                               \\                 \\     \\     \\     \\     \\     0.99    0.13
  AC(H~2~O~2~)   0.60                      \\                                     \\                         \\                      0.93                    \\                                 \\                 \\     \\     \\     \\     \\     1.53    \\
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And then, the condensation reaction between SOGs and amidogen group of organic amines was operated by hydrothermal treatment under the condition of 200 °C for 12 h. Figure [1](#open201800227-fig-0001){ref-type="fig"}B and 1b show CO~2~ and CO TPD evolution profiles of N‐doped carbon (NC (pretreated)s). The SOGs type and amount of each sample are also concluded in Table [1](#open201800227-tbl-0001){ref-type="table"}. Obviously, the amount of all types of SOGs remarkably decreases, especially the CO~2~‐releasing groups. NC(H~2~O~2~) and NC(Oxalic) have nearly undetectable levels of CO~2~ and CO TPD signals. However, there are still some SOGs with higher decomposing temperature like ether, phenol, carbonyl/quinone and lactone groups, on those samples treated with nitric acid and thermal treatment at 400 °C and 600 °C.

The decrease of SOGs means that the condensation reaction may have occurred and nitrogen‐containing groups or structures have been formed. In order to verify this nitridation process, four samples including AC (25 %), AC (25 %)‐600, AC (25 %)‐800 and AC(H~2~O~2~) are selected out as corresponding representatives of CO~2~‐ and CO‐releasing groups, CO‐releasing groups, no SOGs and CO~2~‐releasing groups on the basis of the type and amount of SOGs, respectively.

FT‐IR and Raman were employed to investigate the changes of surface groups before and after the hydrothermal N‐doping treatment. Figure [2](#open201800227-fig-0002){ref-type="fig"}b--e shows the Raman spectra of NC (25 %), NC (25 %)‐600, NC (25 %)‐800 and NC (H~2~O~2~). Two prominent peaks of G‐band (1605 cm^−1^) originated from crystalline graphitic/sp^2^ carbon atoms and D‐band (1336 cm^−1^) induced by sp^3^ hybridization,[20](#open201800227-bib-0020){ref-type="ref"} can be observed in Raman spectra (Figure [2](#open201800227-fig-0002){ref-type="fig"}). The relative intensity ratio of D and G bands (I~D~/I~G~) can be used to assess the degree of disorder in carbon‐based materials. The amorphous degree of all N‐doped samples is higher than that of FT‐IR is also a good technique for the analysis of the surface groups or chemical structure of catalyst materials. As shown in Figure [3](#open201800227-fig-0003){ref-type="fig"}, the absorption band at 1570, 1450 and 1106 cm^−1^ detected on AC(pristine) could be assigned to sp^2^ C=C stretching vibration,[21](#open201800227-bib-0021){ref-type="ref"} C−H bending vibration and C−C stretching vibration respectively,[22](#open201800227-bib-0022){ref-type="ref"} which coexist in the carbon skeleton. The 3600--3200 cm^−1^ band can be linked to O−H stretching vibration probably attributed to physiosorbed water.[23](#open201800227-bib-0023){ref-type="ref"} After the oxidation or thermal treatment, some changes on the adsorption bands of 1715, 1390 and 1210 cm^−1^ appear in FTIR spectra. The 1715 cm^−1^ band denoted the C=O vibration stretching of carboxyl, carboxylic anhydride, lactone and ether groups is found especially in AC(25 %).[20c](#open201800227-bib-0020c){ref-type="ref"},[24](#open201800227-bib-0024){ref-type="ref"} The 1390 cm^−1^ band represents the C−O‐C stretching vibration of ether or lactone groups, which appears in AC(25 %), AC(25 %)‐600 and AC(H~2~O~2~).[25](#open201800227-bib-0025){ref-type="ref"} The intensity of 1210 cm^−1^ increases obviously in AC(25 %), AC(25 %)‐600 and AC(H~2~O~2~), which can be the C‐OH stretching vibration of carboxyl and phenol groups.[20c](#open201800227-bib-0020c){ref-type="ref"},[24a](#open201800227-bib-0024a){ref-type="ref"},[26](#open201800227-bib-0026){ref-type="ref"} However, AC(25 %)‐800 shows nearly the same absorption bands as those of AC(pristine), indicating no SOGs on the surface of AC(25 %)‐800 coincided with the results of TPD. Furthermore, the condensation reaction of SOGs and EDA almost completely eliminates the bands at 1715 and 1390 cm^−1^ (Figure [3](#open201800227-fig-0003){ref-type="fig"}B, C, E and Figure [3](#open201800227-fig-0003){ref-type="fig"}b, c, e). Accordingly, the C=O stretching vibration of 1640 cm^−1^ and the C−N vibration of 1440 cm^−1^ appear in N‐doped samples, especially in NC(H~2~O~2~) (Fig. 3e), which can be attributed to ‐CONH structure judged by the combination with the 3436 cm^−1^ band[27](#open201800227-bib-0027){ref-type="ref"} Although it is very difficult to determine the composite band between 1400 and 1106 cm^−1^, the subtle difference can be seen the intensities by comparing the curves before and after condensation reaction. The intensity of 1210 cm^−1^ represented for SOGs becomes weak in NC (25 %) and NC(H~2~O~2~), while remains relatively strong in NC (25 %)‐600 and NC (25 %)‐800 (Figure [3](#open201800227-fig-0003){ref-type="fig"}b‐e). Tran Van Khai[28](#open201800227-bib-0028){ref-type="ref"} and Tingting Zhu[27](#open201800227-bib-0027){ref-type="ref"} reported that the absorption band at about 1201--1246 cm^−1^ could be assigned to the C−N stretching mode in the benzenoid rings. The mentioned changes in the intensity indicate that SOGs decrease and some new nitrogen‐containing groups possibly are formed.

![Raman spectra of a) AC (pristine), b) NC (25 %), c) NC (25 %)‐600, d) NC (25 %)‐800 and e) NC (H~2~O~2~).](OPEN-8-87-g002){#open201800227-fig-0002}

![FTIR spectra of AC (pretreated)s and NC (pretreated)s: A) AC (pris‐tine); B) AC (25 %) and b) NC (25 %); C) AC (25 %)‐600 and c) NC (25 %)‐600; D) AC (25 %)‐800 and d) NC (25 %)‐800; E) AC (H~2~O~2~) and e) NC(H~2~O~2~)](OPEN-8-87-g003){#open201800227-fig-0003}

According to the mechanism and theory in organic chemistry, condensation reaction can be occurred between SOGs and primary amine.[20c](#open201800227-bib-0020c){ref-type="ref"},[28](#open201800227-bib-0028){ref-type="ref"}, [29](#open201800227-bib-0029){ref-type="ref"} Combined the results of TPD, Raman and FTIR, the possible surface reactions can be presented as follows (Figure [4](#open201800227-fig-0004){ref-type="fig"}). −OH/−OR from carboxyl, phenol, lactone and carbonyl groups, or C−O−C from ether groups, by accepting H from −NH~2~ and formation of releasing H~2~O, contributes to the formation of amide or secondary amine groups and incorporation to the carbon skeleton.[29a](#open201800227-bib-0029a){ref-type="ref"},[30](#open201800227-bib-0030){ref-type="ref"} Relying on the molecule structure of adjacent SOGs, different nitrogen‐containing surface structure will be fabricated and integrated into the surface of carbon support. Moreover, in surface reaction terms, this nitrogen‐containing structure should be a layer with the thickness of several molecules. The parameters of pore structure for these samples are summarized in Table S2. No obvious changes are observed in spite of the oxidation, thermal or hydrothermal treatment. Only a slight increase in surface area and total volume appears in NC (25 %)‐600 and NC(H~2~O~2~). The similar results can also be seen in the pore distribution as shown in Figure S2b. But in general, all samples maintain nearly identical parameters of pore structure. These results should also indicate the formation of a thin CN~x~ film on the surface of carbon support.

![Potential condensation reactions on activated carbon between: a) EDA and CO~2~‐releasing groups (carboxyl, lactone groups); b) EDA and CO‐releasing groups (carbonyl, phenol and ether groups).](OPEN-8-87-g004){#open201800227-fig-0004}

Subsequently, palladium was supported on the NC (pretreated) through the impregnation method. As shown in XRD spectra (Figure [5](#open201800227-fig-0005){ref-type="fig"}a), there are no observable diffraction patterns of Pd species, implying that the Pd species are highly dispersed. Figure [5](#open201800227-fig-0005){ref-type="fig"}b shows the TEM images of these catalysts. It can be seen that Pd nanoparticles are uniformly distributed on the surface of Pd catalysts, and the average Pd particle sizes of Pd/NC (25 %), Pd/NC (25 %)‐800, Pd/NC (25 %)‐600 and Pd/NC(H~2~O~2~) are 4.15, 3.45, 2.55 and 1.75 nm, respectively (Table [2](#open201800227-tbl-0002){ref-type="table"}).

![a) XRD patterns of Pd/AC(pristine) and Pd/NC(pretreated)s; b) TEM images of Pd/NC(pretreated)s.](OPEN-8-87-g005){#open201800227-fig-0005}

###### 

Hydrogenation of p‐CNB over Pd/NC(pretreated)s ^\[a\]^

  ![](OPEN-8-87-g010.jpg "image")                                     
  --------------------------------- ------ ---- ----- ------- ------- -------
  Pd/NC(25 %)                       4.15   85   113   100.0   96.86   3.14
  Pd/NC(25 %)‐600                   2.55   85   108   100.0   94.60   5.40
  Pd/NC(25 %)‐800                   3.45   85   98    100.0   93.90   6.10
  Pd/NC(H~2~O~2~)                   1.75   85   117   100.0   99.90   0.10
  Pd(2.1)/C ^\[b\]^                 2.1    80   92    100.0   72.73   27.27
  Pd(28.4)/C ^\[b\]^                28.4   80   155   100.0   99.92   0.08

\[a\] Reaction conditions: 0.1 g catalyst; 15.0 g p‐CNB; stirring rate=1200 rpm; 50 mL stainless steel autoclave. \[b\] The data is from literature,[41](#open201800227-bib-0041){ref-type="ref"} reaction condition: 1.0 g catalyst, 200 g p‐CNB; pH~2~ = 1.0 Mpa; stirring rate=1200 rpm; 500 mL stainless steel autoclave.
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Figure [6](#open201800227-fig-0006){ref-type="fig"} gives the XPS results of C1s and N1s spectra of Pd/AC (pristine) and Pd/NC (pretreated)s. For Pd/AC(pristine), C1s spectrum (Figure [6](#open201800227-fig-0006){ref-type="fig"}a) can be deconvoluted into six peaks at 284.66 eV, 285.35 eV, 286.30 eV, 287.30 eV, 288.70 eV and 290.6 eV corresponding to C=C(sp^2^), C−C(sp^3^), C−O, O‐C=O, C=O, and the π--π^\*^, respectively.[31](#open201800227-bib-0031){ref-type="ref"} For all of Pd/NC(pretreated)s, additional peak appears at 284.24∼284.30 eV. The most intense C1s peak located at 284.66 eV can be assigned to the sp^2^‐hybridized graphitic carbon (C=C) originated from the activated carbon skeleton. And the peaks centered at ∼288.70 eV, ∼287.30 eV and ∼286.30 eV assigned to the C=O, O−C=O and C−O groups respectively, appear in all samples.[31a](#open201800227-bib-0031a){ref-type="ref"} The intensity of these peaks indicates the existence of trace amounts of oxygen species. Whereas SOGs of NC (pretreated)s significantly decrease after the hydrothermal N‐doping process as shown in CO and CO~2~ desorption curves (Figure [1](#open201800227-fig-0001){ref-type="fig"}B and 1b). Especially in NC(25 %)‐800, there is not any signals of SOGs. Hence, the signals of oxygen species in C1s spectra may be ascribed to the adsorbed CO~2~/O~2~/H~2~O from air or the oxygen species in carbon skeleton which could keep stable even at high temperature.[15e](#open201800227-bib-0015e){ref-type="ref"},[19](#open201800227-bib-0019){ref-type="ref"} The highest BE peak (290.4∼290.7 eV) of C1s is attributes to the π--π\* shake‐up feature, which is also one characteristic peak of carbon support. Compared with Pd/AC(pristine), there are two distinct features in C1s spectra of Pd/NC(pretreated)s. One is that the additional peak at 284.24∼284.30 eV associated with C−N‐C appears on all Pd/NC(pretreated)s, undoubtedly indicating the nitrogen incorporation into the carbon structure.[32](#open201800227-bib-0032){ref-type="ref"} And the other is that the peak at ∼285.35 eV presents inconsistent shifts among Pd/NC(pretreated)s, compared with Pd/AC(pristine). The peak at 285.2∼285.4 eV in C1s spectra (Figure [6](#open201800227-fig-0006){ref-type="fig"}a--e) can be assigned to sp^3^‐hybridized carbon (C−C),[31a](#open201800227-bib-0031a){ref-type="ref"} on the other hand, it can also be defined as C−N group due to the disordering of graphite‐like structure after embedding N atoms into carbon skeleton.[33](#open201800227-bib-0033){ref-type="ref"} In fact, it is a bit difficult to specifically characterize the peak of C−C or C−N, however some positive changes can be still observed. It is worth nothing that the BE positively shifts to 285.41 eV and 285.46 eV in Pd/NC (25 %)‐600 and Pd/NC (25 %)‐800 (Figure [6](#open201800227-fig-0006){ref-type="fig"}c and 6d), whereas negatively shifts to 285.25 eV and 285.13 eV in Pd/NC (25 %) and Pd/NC(H~2~O~2~) (Figure [6](#open201800227-fig-0006){ref-type="fig"}b and 6e). For the former, similar findings were reported by Yu,[34](#open201800227-bib-0034){ref-type="ref"} Pašti[35](#open201800227-bib-0035){ref-type="ref"} and our previous work,[36](#open201800227-bib-0036){ref-type="ref"} in which heteroatoms may lead to a net positive charge on the carbon atoms adjacent to the heteroatoms due to spinning density and/or atomic charge density redistribution in neighboring carbon atoms. For the latter, the negative shifts may be attributed to the electron donating capability of the different N species adjacent to C atoms. More details about this point will be discussed later in this work. Thus, it seems that the characteristic peak at 285.2∼285.4 eV in C1s spectra should be attributed to the C−N bond of N‐doped samples (Figure [6](#open201800227-fig-0006){ref-type="fig"}b‐e).

![C1 s spectra of (a) Pd/AC(pristine), (b) Pd/NC(25 %), (c) Pd/NC(25 %) −600, (d) Pd/NC(25 %)‐800 and (e) Pd/NC(H2O2), (f) N1s spectra of Pd/NC(pretreated)s.](OPEN-8-87-g006){#open201800227-fig-0006}

For further investigating the correlation of CN~x~ layer and carbon skeleton, the N1s XPS analysis was employed as shown in Figure [6](#open201800227-fig-0006){ref-type="fig"}f. The N1s spectra of all Pd/NC (pretreated)s show broad peaks between 402∼398 eV resulting from an overlap of different peaks. Deconvolution of the N1s curves gives four peaks at ∼398.5 eV, ∼399.5 eV, ∼400.4 eVand ∼401.7 eV corresponding to the pyridinic‐type N species, amino groups (‐NH~2~), pyrrolic‐type N species and quaternary N species (N^+^), respectively.[37](#open201800227-bib-0037){ref-type="ref"} They are coded as N~PD~, N~A~, N~PR~ and N~Q~ in turn. As expected, it can be seen that N species on Pd/NC(pretreated)s are closely related to the different SOGs of the corresponding AC(pretreated)s. The AC (25 %) with a variety of SOGs, as reflected in the stronger CO and CO~2~ desorption curves in Figure [1](#open201800227-fig-0001){ref-type="fig"}A and 1a, displays high percentage of N~A~ (49.4 %, Table S3) and N~PR~ (35.2 %, Table S3) after the hydrothermal treatment with EDA. And, more N~A~ (56.9 %, Table S3) are generated on the Pd/NC (25 %)‐600 because the CO‐releasing groups (carbonyl/quinone, ether and phenol groups) were purposely introduced onto AC (25 %)‐600. Surprisingly, there are still trace amounts of N species (total mass content: ∼0.52 wt%, Table S3) on the Pd/NC (25 %)‐800 with significantly higher proportion of N~Q~ species (21.4 %, Table S3) than those of other samples. This result may be due to the incorporation of N atoms into carbon skeleton during the calcinations in N~2~ atmosphere at extremely high temperature (\>800 °C).[38](#open201800227-bib-0038){ref-type="ref"} Carboxyl and lactone groups selectively introduced via the wet oxidation of hydrogen peroxide promote the formation of N~PR~. N~PR~ becomes the dominant N species (64.4 %, Table S3) on Pd/NC(H~2~O~2~). In addition, the amounts of N species of these samples are also closely related to the amounts of SOGs of the corresponding AC (pretreated)s. The amount of N species is ordered as: Pd/NC (25 %) \>Pd/NC (25 %)‐600 \>Pd/NC(H~2~O~2~) \>Pd/NC (25 %)‐800 (Table S3), consistent with the order of SOGs (Figure [1](#open201800227-fig-0001){ref-type="fig"} and Table [1](#open201800227-tbl-0001){ref-type="table"}).

According to the analysis above, we found that the BE shift of C1s in C−N bond could not correspond to the changes in N1s spectra (Figure [6](#open201800227-fig-0006){ref-type="fig"}f). Therefore, the XPS spectra of palladium were investigated. In the inset of Figure [7](#open201800227-fig-0007){ref-type="fig"}, the Pd3d peaks are deconvoluted into two pairs of doublets: Pd3d~3/2~ (∼340.9 eV), Pd3d~5/2~ (∼335.9 eV) and Pd3d~3/2~ (∼342.4 eV), Pd3d~5/2~ (∼338.0 eV), assigned to Pd^0^ and Pd^2+^, respectively.[39](#open201800227-bib-0039){ref-type="ref"} It can also be seen that Pd contains with two kinds of valence states in all the samples, except for the difference in the ratio of Pd^0^/Pd^2+^. As shown in Table S4, the ratio of Pd^0^/Pd^2+^ is ordered as: Pd/NC(25 %)‐800≫Pd/NC(25 %)‐600\>Pd/NC(H~2~O~2~)≈Pd/NC(25 %). These results are well matched with the BE shifts of C1s and N1s in Pd/NC (pretreated)s. The higher Pd^0^/Pd^2+^ ratio existed in Pd/NC (25 %)‐800 and Pd/NC (25 %)‐600 may be caused by the reduction of partial Pd^2+^ to Pd^0^ resulting from accepting electrons from C−N bond. It is consistent with the positive shift of C1s in C‐ N bond in Figure [6](#open201800227-fig-0006){ref-type="fig"}d and 6c. On the other hand, the BE of N1s in C−N bond shows no obvious shift as a result of the direct transformation of nitrogen species adjacent to Pd particles into quaternary N species (N^+^). This oxidation reduction reaction between metal ions and surface groups on the carbon materials appears to be obvious on Pd/NC(25 %)‐800 in particular.[36](#open201800227-bib-0036){ref-type="ref"} On the contrary, in the case of Pd/NC(25 %) and Pd/NC(H~2~O~2~), the negative shift of C1s in C−N bond should originate from the electron donating capability of the N species (Figure [6](#open201800227-fig-0006){ref-type="fig"}b and 6e), especially the N~PR~, which can be observed with higher proportion on these two samples (Table S3 and Figure [6](#open201800227-fig-0006){ref-type="fig"}f). But these N~PR~ may not be sufficient to reduce Pd^2+^ into Pd^0^, just result in electron transfer from N to neighboring atoms.[37b](#open201800227-bib-0037b){ref-type="ref"} As a consequence, more electrons transfer from N atom to Pd atom and C atom in Pd/NC(H~2~O~2~) with the dominant N~PR~, whereas a few electrons just transfer to C atom in Pd/NC (25 %) because of a relatively small number of N~PR~.

![Pd3d spectra of a) Pd/NC (25 %), b) Pd/NC (25 %)‐600, c) Pd/NC (25 %)‐800 and d) Pd/NC(H~2~O~2~).](OPEN-8-87-g007){#open201800227-fig-0007}

In a word, in the hydrothermal process, the CO‐releasing groups like ether, phenol and carbonyl are transformed into large quantities of N~A~, a small number of N~PR~ and N~PD~ and trace amount of N~Q~. The co‐existence of CO~2~‐ and CO‐releasing SOGs leads to high content of N~PR~ and N~A~ which show a slight electron donating capability as electrons transfer from N atoms to adjacent C atoms. Furthermore, CO~2~‐releasing groups such as carboxyl and lactone are mainly transformed into N~PR~, which provides more electrons to Pd atoms and adjacent C atoms. As shown in Figure [6](#open201800227-fig-0006){ref-type="fig"}e and Figure [6](#open201800227-fig-0006){ref-type="fig"}d, the BE of C−N and Pd^0^ negatively shift to 285.13 eV and 335.5 eV, respectively. This stronger electron donating capability can be attributed to the special pentagonal molecule structure of pyrrole ring, which has a lone electron pair for conjugating with p‐conjugated ring.[37b](#open201800227-bib-0037b){ref-type="ref"},[40](#open201800227-bib-0040){ref-type="ref"} Schematic diagram of the surface group‐oriented nitrogen doping strategy is illustrated in Figure [8](#open201800227-fig-0008){ref-type="fig"}.

![The surface group‐oriented nitrogen doping strategy for the activated carbon supported Pd catalysts and potential selective hydrogenation mechanism of p‐chloronitrobenzene.](OPEN-8-87-g008){#open201800227-fig-0008}

Aromatic haloamines are intensively used in the synthesis of fine chemicals.[36](#open201800227-bib-0036){ref-type="ref"} The selective hydrogenation of halonitro aromatic compounds to the corresponding aromatic haloamines is considered as the most environment‐friendly method. However, this reaction has been suffering from undesired hydrodehalogenation side reaction up to now. The selective hydrogenation of p‐CNB to p‐CAN as a model reaction was carried out under solvent‐free conditions to probe the catalytic performance of Pd/NC (pretreated)s. As shown in Table [2](#open201800227-tbl-0002){ref-type="table"}, these Pd catalysts supported on the CN~x~ framework with different N‐doped types show different p‐CAN selectivity. The selectivity to p‐CAN over Pd/NC (25 %)‐800 is only 93.90 %. Those corresponding Pd/AC(pretreated)s catalyst without doping nitrogen demonstrates lower selectivity (Table S5). In contrast, over Pd/NC(H~2~O~2~) with the dominant N~PR~, the selectivity to p‐CAN reaches to 99.90 % with a 100 % conversion. Coq[41](#open201800227-bib-0041){ref-type="ref"} and our previous works[42](#open201800227-bib-0042){ref-type="ref"} have pointed out the important effect of Pd particle size on the hydrogenation of halonitro aromatic compounds. The better selectivity could be achieved only when the Pd particle size increases over 20 nm. The reason can be explained that the high proportion of terraces only existed in large Pd particle have a decisive role for the reaction barrier of hydrodehalogenation. Lyu[42](#open201800227-bib-0042){ref-type="ref"} reported that the selectivity of about 99.90 % was gained until the Pd particle size was larger than 28.4 nm. In contrast, the N~PR~‐modified Pd particle with the size of 1.75 nm performs the same selectivity as that of unmodified Pd particle with the size of 28 nm. In addition, the Pd/NC(H~2~O~2~) catalyst also exhibits remarkable catalytic performance after five cycle times without obvious deactivation under conditions comparable to literature (Figure [9](#open201800227-fig-0009){ref-type="fig"}). The XRD, TEM and XPS (Figure S3--5) characterization of the reused catalyst have also shown the high stability of catalyst. The aforementioned results undoubtedly demonstrate that N~PR~ tunes the electronic property of Pd activated site made up of Pd nanoparticle and N~PR~ molecule ring (Figure [8](#open201800227-fig-0008){ref-type="fig"}). In this structure, N atom acts as an electron donating center and transfers electrons to Pd atoms and adjacent C atoms. When adsorbed on the Pd activated site, hydrogen molecule is dissociated into electron‐rich active H (H^¬^), which will tend to attack the N^+^ core of nitro group (O‐N^+^) rather than the electron‐rich Cl^−^ atom of C−Cl bond because the hydrogenolysis side reaction of C−Cl bond is generally considered compliance with electrophilic substitution mechanism.[43](#open201800227-bib-0043){ref-type="ref"} Besides, the electron‐rich Pd activated site also contributes to the desorption of p‐CAN molecule due to the electron donating effect of amino groups in the aromatic ring, which greatly benefit the suppression of hydrodehalogenation reaction.[44](#open201800227-bib-0044){ref-type="ref"}

![Reuse of Pd/NC(H~2~O~2~) in the hydrogenation of p‐CNB. Reaction conditions: 0.1 g catalyst; 15.0 g p‐CNB; stirring rate=1200 rpm; 50 mL stainless steel autoclave.](OPEN-8-87-g009){#open201800227-fig-0009}

3. Conclusions {#open201800227-sec-0003}
==============

The certain kinds of SOGs are selectively grafted onto the activated carbon and play a crucial role of structure matrix for fabricating diverse surface N species via the condensation reaction with EDA during the hydrothermal treatment. Different kinds of SOGs generate different abundances of N species. Carboxyl, lactone and carboxylic anhydride groups react with ‐NH~2~ group of EDA to form the amide structures (−CONH), followed by the fabrication of a N~PR~‐dominant CN~x~ film with the thickness of several molecules on the surface of activated carbon. In this framework, N atom transfers electrons to Pd atoms and adjacent C atoms, leading to the formation of electron‐rich Pd activated site. This activated site conduces to the formation of electron‐rich active H^−^ and the desorption of p‐CAN molecule, which work together to inhibit the hydrodehalogenation side reaction. Pd/NC(H~2~O~2~) with dominant N~PR~ exhibits a more stable and superior selectivity of 99.90 % and no obvious deactivation after five cycle times for the hydrogenation of p‐CNB to p‐CAN.

**Experimental Section** {#open201800227-sec-0004}
========================

Materials {#open201800227-sec-0005}
---------

All the chemicals and reagents were of analytical grade and were used without further purification.

Commercial activated carbon was purchased from France Arkema CECA (3sw, particle size: 250--300 mesh, N~2~‐BET: 980 m^2^ g^−1^, ash content: \<3 %). Nitric acid (HNO~3~, 65.0∼68.0 wt%, Sinopharm Chemical Reagent Co., Ltd.), Hydrogen peroxide (H~2~O~2~, 30 wt%, Shanghai Lingfeng Chemical Reagent Co., Ltd.), Oxalic acid dehydrate (C~2~H~2~O~4~⋅2H~2~O, ≥99.9 wt%, Shanghai Lingfeng Chemical Reagent Co., Ltd.), Ammonia solution (NH~4~OH, 25.0∼28.0 wt%, Hangzhou Longshan Fine Chemical Co., Ltd.), 1‐Chloro‐4‐nitrobenzene (C~6~H~4~ClNO~2~, 98 wt%, Aladdin Chemistry Co., Ltd.),Palladium chloride (PdCl~2~, Pd content ≥59.5 wt%, Deqing Degong Chemical Engineering Co., Ltd.), Deionized water (resistivity \>18 Ω cm^−1^).

SOGs Construction {#open201800227-sec-0006}
-----------------

Various oxygen‐containing groups were introduced onto the surface of activated carbon (AC (pristine)) via pretreatment with nitric acid, oxalic acid, hydrogen peroxide and thermal treatment, respectively.

Nitric Acid Treatment {#open201800227-sec-0007}
---------------------

1.0 g of activated carbon was dispersed in 25.0 mL of nitric acid aqueous solution (25.0 wt%, 15.0 wt% and 2.5 wt%) in a 50 mL round bottom flask under magnetic stirring at 90 °C for 8 h. After that, these pretreated samples were collected via filtration, washed with deionized water until pH 7.0 and finally dried under vacuum at 110 °C overnight. The as‐prepared samples were named as AC(x), where x represents the concentration of nitric acid aqueous solution.

Oxalic Acid Treatment {#open201800227-sec-0008}
---------------------

1.0 g of activated carbon was dispersed in 40.0 mL of oxalic acid aqueous solution containing 5.0 g absolute oxalic acid in a 100 mL round bottom flask, and then stirred at 50 °C for 18 h. The resulting sample was collected by filtration, washed with deionized water until pH 7.0, and finally dried under vacuum at 110 °C overnight. The obtained sample was named as AC(Oxalic).

Hydrogen Peroxide Treatment {#open201800227-sec-0009}
---------------------------

1.0 g of activated carbon was dispersed in 15.0 mL of hydrogen peroxide aqueous solution with the concentration of 30 wt%. The rest steps were the same as the nitric acid or oxalic acid treated carbons, and the obtained sample was designated as AC(H~2~O~2~).

Thermal Treatment {#open201800227-sec-0010}
-----------------

The as‐prepared sample of AC (25 %) was placed in a flowing nitrogen atmosphere at 400 °C, 600 °C for 1 h and 800 °C for 2 h, respectively. The obtained samples were denoted as AC (25 %)‐y. y represents the temperature of calcinations.

Surface Condensation Reaction of SOGs and Ethylenediamine {#open201800227-sec-0011}
---------------------------------------------------------

The process of the surface condensation reaction was operated as follows: 1.0 g of pretreated activated carbon mentioned above (called AC (pretreated) by a joint name) was dispersed in 35.0 mL mixture solution of 10.0 mL ethylenediamine (EDA) and 25.0 mL deionized water, and then stirred at room temperature for 6 h. Subsequently, the suspension was transferred into a 50 mL Teflon‐lined autoclave and hydrothermally treated at 200 °C for 12 h. The resulting modified activated carbon was collected by filtration, rinsed with deionized water until pH 7.0, and finally dried under vacuum at 80 °C overnight. The obtained N‐doped sample was collectively named as NC (pretreated), in which the part of (pretreated) is labeled the same as the name of the corresponding AC (pretreated) for each sample.

Preparation of Pd/NC (Pretreated) Catalyst {#open201800227-sec-0012}
------------------------------------------

The Pd catalysts supported on the N‐doped carbon were prepared by the impregnation method using Pd (NH~3~)~4~Cl~2~ as a precursor at room temperature. In a typical experiment, Pd (NH~3~)~4~Cl~2~ aqueous solution (0.044 mol/L) could be obtained by mixing 0.4 g of PdCl~2~ powder and 25.0 mL ammonia solution (25.0∼28.0 wt%) under intensive stirring until complete dissolution, and then diluted with deionized water to 50.0 mL. Subsequently, 4.25 mL of Pd (NH~3~)~4~Cl~2~ aqueous solution (0.044 mol/L) was added dropwise into the suspension of 1.0 g N‐doped sample and 15.0 mL of deionized water, and then stirred continuously at room temperature for 6 h. Finally, the solid sample was filtered off immediately, washed with deionized water until pH 7.0 and then dried under vacuum at 110 °C for 5 h. The as‐prepared catalysts were named as Pd/NC (pretreated), in which NC (pretreated) corresponds to the names of N‐doped samples. The Pd loading for all catalysts was 2.0 wt%.

Characterization {#open201800227-sec-0013}
----------------

The Fourier transform infrared (FT‐IR) spectra were recorded by FT‐IR (Nicolet iS50, Thermo Fisher, Madison, USA) in the range of 500∼4000 cm^−1^.Raman spectra were obtained on a Perkin‐Elmer 400F Raman spectrometer with 785 nm red laser irradiation. The nitrogen adsorption and desorption isotherms at 77 K were measured on Autosorb‐IQ system (Quantachrome, USA). The specific surface areas were calculated using the BET model and pore size distributions were derived from the desorption branches of the isotherms according to the HK and BJH method. X‐ray diffraction (XRD) measurements were performed using an X\'Pert PRO diffractometer (PNAlytical Co.) equipped with a Cu Kα radiation source that was operated at 60 kV and 55 mA. Diffraction patterns were collected at a scanning rate of 2 °/min and with a step of 0.02°.

Temperature‐programmed desorption (He‐TPD) was carried out in a home‐built reactor equipped with a mass spectrometer (Omnistar QMS 200, Pfeiffer Instruments) for online gas analysis. About 200 mg of the dry sample was weighted accurately and put in a quartz tube (inner diameter: 10 mm). The sample was heated at a rate of 5 °C/min from room temperature to 110 °C and kept this temperature under helium atmosphere at a flow rate of 50 mL/min for 1 h in order to remove water and air that physically adsorbed in carbon microstructures. Subsequently, the sample was gradually heated to 860 °C at a rate of 5 °C/min at a helium flow rate of 50 mL/min, and then kept at 860 °C for 5 min. The released gases, mainly containing CO and CO~2~, were identified by a quadrupole mass spectrometer (CO m/z: 28, CO~2~ m/z: 44), and quantified by integration of the peak area on the basis of the calibration curves built by using calcium oxalate (CaC~2~O~4~⋅H~2~O) as a standard sample (Figure S1).

XPS analysis was collected using a Kratos AXIS Ultra DLD spectrometer with monochromatized aluminum X‐ray source (1486.6 eV) for the analysis of core level signals of C1s, N1s and Pd3d with a multichannel detector. Spectra were recorded at normal emission under a vacuum of 6×10^−9^ Torr. The calibration of binding energy (BE) of the spectra was referenced to the C1s electron bonding energy at 284.66 eV arising from adventitious carbon. A Shirley‐type background was subtracted from the signals. Recorded spectra were always fitted using Gauss‐Lorentz curves, in order to determine the band energy of the different element core levels more accurately. The surface atomic composition ratio was calculated by using the Schofield sensitivity factors after the normalization of each individual peak area.

Catalytic Hydrogenation Tests {#open201800227-sec-0014}
-----------------------------

The catalytic hydrogenation reduction of p‐CNB as a model reaction was carried out in a 50 mL stainless steel autoclave, which was charged with the desired amount of p‐CNB and supported palladium catalyst under solvent‐free conditions. Above all, the batch reactor was successively purged with pure N~2~ and H~2~ to evacuate the system, and then heated to 85 °C with 1.0 Mpa H~2~ pressure and 1200 r/min stirring rate. After the reaction finished, the supported palladium catalyst was filtered from the mixture of the organics and water for the next recycle use, and the corresponding aromatic haloamine was separated by a standing and layering process. The products were periodically withdrawn from the reactor and identified by GC‐MS (Agilent 5973 N) and analyzed by GC (Agilent 7890) equipped with an FID detector and a capillary column HP‐5 (30 m×0.20 mm×0.25 μm). The quantitative analysis was conducted by area normalization method.
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